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Abstract 
Terrestrialization is the process by which a water body changes from a wetland to a terrestrial ecosystem. Many 
factors contribute to the process, including climate change and macrophyte expansion. Among such factors, water 
level and eutrophication result in quantitative and qualitative changes on macrophyte communities, while expansion 
of macrophytes can accelerate the rate of terrestrialization by bioaccumulation. The siltation of sand also greatly 
contributes to terrestrialization. Here, the water quality, water level, siltation of sand, and vegetation of Baiyangdian 
Lake were analyzed to assess the terrestrialization characteristics of this lake and understand its terrestrialization 
process. 
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1. Introduction 
Shallow lakes are the most common freshwater ecosystem in the world [1-2]. They serve important 
functions, such as being sources of drinking water, irrigation, shipping, supporting fisheries, landscape 
entertainment, and energy production [3]. Recently, due to increasing human activities and climate change, 
lake degradation is widespread, and many lakes have suffered eutrophication and terrestrialization. 
However, much attention has been paid to eutrophication, studies of terrestrialization are comparatively 
lacking. Terrestrialization is the process by which a water body changes from a wetland to a terrestrial 
ecosystem due to lake bottom aggradation by accumulation of organic silt and/or sediment deposition. 
Behind the term terrestrialization is the theory of succession of vegetation, i.e., during terrestrialization, 
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hydrophyte communities are progressively replaced by helophytes and ultimately by terrestrial plants [4]. 
There are many factors that contribute to terrestrialization, such as water quality, water level, and the 
aquatic vegetation. The water level and eutrophication result in quantitative and qualitative changes on 
macrophyte communities in lakes [5-9], while expansion of macrophytes can accelerate the rate of 
terrestrialization by bioaccumulation. Also, the siltation of sand greatly contributes to terrestrialization. 
Baiyangdian Lake is a typical grass-type shallow lake. It plays an important role in providing water 
resources, controlling floods, and regulating regional climate [10]. Since the 1960s, due to runoff 
interception resulting from dam establishment in the upper reaches of Baiyangdian Lake and climatic 
changes, Baiyangdian Lake has suffered from a serious water quantity decline and even completely dried 
up several times [11]. Also, the aquatic environment has changed drastically, and this trend is exacerbated 
due to domestic wastewater inputs, the release of endogenesis sediment, and pollutants from tourisms [3]. 
Additionally, an abundant proliferation of aquatic macrophytes has appeared. All of these factors indicate 
a severe terrestrialization trend for Baiyangdian Lake.  
Because there are still many unknown aspects of the mechanism of terrestrialization, we analyzed four 
factors that may affect the terrestrialization process of Baiyangdian Lake, in hopes of promoting studies of 
terrestrialization and providing necessary references to the managers of Baiyangdian Lake to mitigate the 
rapid terrestrialization of Baiyangdian Lake. 
2. Materials and methods 
2.1. Study area 
Baiyangdian Lake, located in the range of 115º45′–116º07′E and 38º43′–39º02′N, is one of the biggest 
lakes in the North China Plain, with an area of 366 km2. It consists of 143 small and shallow lakes linked 
by thousands of ditches. Generally, when the water level is below 6.5 and 5.5 m (Dagu Height), 
Baiyangdian Lake is regarded as partly and totally dry, respectively. In the past 50 years, the water depth 
varies between 5.2 and 9.26 m [3].  
2.2. Water quality 
2.2.1. Sampling and data 
To analyze water quality, 12 state controlling sampling sites around Baiyangdian Lake (Anxin Bridge, 
Duancun, Dazhangzhuang, Liutong, Guolikou, Wangjiazhai, Laowangdian, Quantou, 
Guanghdianzhangzhuang, Qiantang, Caiputai, and Zaolinzhuang, numbered D1,D2,…,D12) were selected. 
Five water quality parameters (total nitrogen (TN), ammonia (NH4+), total phosphorous (TP), biochemical 
oxygen demand (BOD5), and chemical oxygen demand (CODMn) were analyzed by comparing them to 
Chinese state surface water standard GB 3838-2002. The water quality data from 2003 to 2008 were 
obtained from the Anxin Environmental Protection Bureau. 
Table 1. Environmental quality standards for surface water (GB3838-2002) ( mg/L) 
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 Class I Class II Class III Class IV Class V 
NH4+  0.15 0.5 1.0 1.5 2 
CODMn  2 4 6 10 15 
BOD5  3 3 4 6 10 
TP  0.01 0.025 0.05 0.1 0.2 
TN  0.2 0.5 1 1.5 2 
2.2.2. Fuzzy comprehensive assessment 
The fuzzy comprehensive assessment method was used to analyze the water quality of Baiyangdian 
Lake. This assessment procedure can be described as follows [14-16]: 
(a) Select assessment parameters and establish assessment criteria. 
Select assessment parameters form an assessment factor set U, which can be expressed as: 
1 2{ , ,..., }nU u u u , 
where n is the number of selected assessment parameters (n = 5 in the current assessment). Here, we 
chose TN, NH4+, TP, BOD5, and CODMn as the water quality parameters. The assessment criteria set V 
was established from the National Environmental Quality Standards of China: 1 2{ , ,..., }mV v v v , 
where m is the number of assessment criteria categories (m = 5 in the current assessment). The water 
quality can be classiﬁed on five levels: class I, excellent; class II, good; class III, ordinary; class IV, poor; 
and class V, bad. 
(b) Establish membership functions of the fuzzy environmental quality. 
 The membership degrees of assessment parameters at each level can be quantitatively described by a 
set of formulae of membership functions as follows: 
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where x is the actual monitoring data of any assessment parameter, and 1 2 i m(x) (x) (x) (x)   ， ， ，  are 
the membership degrees of assessment parameter (x) at class I, II and i, m, respectively. 
(c) Calculate the membership function matrix. 
Substitute the monitoring data of each assessment parameter at each monitoring site and the national 
standards into the membership functions. Then, we obtained the fuzzy matrix R, which can be expressed 
as: 
 
where ijr  (i=1,2,…,n; j=1,2,…,m) is the membership degree of the i
th assessment parameter at the jth level. 
(d) Calculate the weights matrix. 
Allocate the weights of each assessment parameter at each monitoring site to obtain matrix B with the 
formulae: 
( ) ( )
1
( ) /
n
i i k i k
i
W k a a

                                                                   （4）
and 
( ) ( ) /i k i k ia x s                                                                       （5） 
where the monitoring site is marked by k, xi(k) is the monitored concentration of the ith assessment 
parameter at the kth monitoring site, si is the average assessment criteria of the ith assessment parameter, 
and Wi(k) is the weight of the ith assessment parameter at the kth monitoring site. B(k), the weight matrix B 
at monitoring site k, can be expressed as 1 2( ) [ ( ), ( ),..., ( )]nB k W k W k W k  (n is the number of selected 
assessment parameters). 
(e) Determination of the fuzzy algorithm of B·R can be computed by matrix multiplication. This 
method is described as follows: 
Fuzzy matrix ( )ij n mR a   and Weight matrix 1( )i nB W   
Then, the assessment results can be obtained: 
1 2( , ,..., )mB R b b b  , where
1
n
j i ij
i
b W a

  , j =1,2,…,m. 
Table 2. Relationship of the maximum of jb  and the assessment results. 
The maximum of jb  1b  2b  3b  4b  5b  
The assessment result I II III IV V 
2.2.3. Results and analysis 
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Table 3. Assessment results. 
 
Table 3 shows that from 2003 to 2008, the water quality of Baiyangdian Lake was very severe, most 
sites belonging to the class IV or class V. The Anxin Bridge, Dazhangzhuang, Liutong, Guolikou, and 
Wanghjiazhai sites were all class V from 2003 to 2008; the water quality of Qiantang and Caiputai was 
slightly better than at the other sites. Among the 12 sites and six monitoring years, the water quality in 
class V accounted for 51.4% of all samples, 29.2% was class IV occupies, and 19.4% was class III. 
Indeed, class III is the best water quality level in Baiyangdian Lake. 
2.3. Water level 
Since the 1960s, due to runoff interception resulting from dam establishment in the upper reaches of 
Baiyangdian Lake and climatic changes in the local region, Baiyangdian Lake has suffered a serious 
water quantity decline and dried up several times. The changes in water quantity flow and water level 
over the past 50 years were analyzed in this study. 
2.3.1. Changes in water quantity flow 
From 1952 to 2002, the actual quantity of water flowing into Baiyangdian Lake displaying a 
decreasing trend (Fig. 1). From 1952 to 2002, Baiyangdian Lake was drying up 20 times, particularly 
from 1981 to 1987 [17]. No water flowed into the lake in 1972, 1984-1987, 1992, 1993, and 1999.  
 DI D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 
2003 V V V V V V III IV IV IV IV V 
2004 V IV V V V V III V III III III III 
2005 V IV V V V V IV IV IV IV III III 
2006 V V V V V V V IV IV III III IV 
2007 V V V V V V IV IV IV IV V IV 
2008 V IV V V V V III III IV III III IV 
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Figure 1. Input amount of water for Baiyangdian Lake. 
2.3.2. Changes in water level  
The water level displays a decreasing trend from 1951 to 2005 due to the decrease in water quantity 
flow and the dry climate (Figure 2). In the 1950s and 60s, the water quantity was abundant, and the water 
level was high. In the 1980s, owing to the continuous drying up, the water level decreased to the lowest 
recorded point. However, since the 1990s, because of changes in natural climatic conditions and some 
human intervention (such as water replenishment), the water level has slightly increased, but compared to 
the 1950s, there is still a large gap [17]. 
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Figure 2. Inter-annual water level changes in Baiyangdian Lake. 
 
2.4. The siltation of sand 
The inflows of Baiyangdian Lake include the Zhulonghe River, Xiaoyihe River, Tanghe River, Fuhe 
River, and Caohe River. Because soil erosion in the mountainous area in the upper reaches of 
Baiyangdian Lake is serious, the rivers brought copious sand into the lake, resulting in decreased water 
storage and decreased water surface area. Since 1958, many large or small water storage reservoirs and 
ponds have been built in the upper reaches of the major inflow rivers, effectively intercepting the sand 
from the upper reaches and reducing the siltation of Baiyangdian Lake [17]. 
2.5. The vegetation 
In Baiyangdian Lake, the common emergent aquatic plants include Phragmites asustralis, Typha 
angustifolia, and Nelumbo nuciferia, and the primary submerged plants are Ceratophyllum demersum, 
Myriophyllum sricatum, and Potamogeton pectinatus [18-19]. In 1991 and 1992, there were 46 species of 
aquatic vascular plants belonging to 19 families and 32 genera [20]. In 2007, there were 39 species of 
acquatic macrophytes, including 16 emergent species, 14 submerged species, six floating-leaved species, 
and three floating species, cumulatively belonging to 21 families and 32 genera [19]. In 2009, there were 
36 species of acquatic vascular plants, including 14 emergent species, 11 submerged species, seven 
floating-leaved species, and six floating species (Utricularia vulgaris and Ceratophyllum oryzetorum 
belong to both submerged and floating species), belonging to 19 families and 29 genera [21]. The main 
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vegetation of Baiyangdian Lake is listed in Table 4, which considers all three investigations mentioned 
above and their classification differences. 
Table 4. Species list of the main vegetation in Baiyangdian Lake [19-21]. 
Emergent species Submerged species Floating-leaved species Floating species 
P. amphibium C. demersum T. bispinosa L. paucicostata 
P. hydropiper C. demersum var. quadrispimum T. maximowiczii S. polyhiza 
T. angustifolia M. spicatum N. peltatum S. natans 
P. australis U. vulgaris E. ferox H.dubta 
M. sacchariflorus P. crispus N. pumuilum H. marsusranae 
S. yagara P. pectinatus N. nucifer  
B. umbellatus P. malaianus N. tetragona  
J. bufonius P. lucens N. stellata  
Z. caduciflora P. maackianum   
E. crusgalli N. major   
S. trifolia N. minor   
S. stenophyllum H. verticillata   
A. calamus V. natans   
M. compactus    
 
A rapid increase in acquatic macrophyte vegetation has been reported in several regions [22-23], 
which is significant because the rate of terrestrialization can be accelerated by the expansion of aquatic 
macrophytes [24]. In natural succession, terrestrialization takes thousands of years to complete. However, 
with areas of aquatic vegetation rising rapidly and the speed-limited decomposition of plant materials, 
multitudinous shallow lakes are threatened by the expansion of aquatic macrophytes. Compared with 
phytoplankton and animal tissue, macrophyte tissue is more resistant to decomposition because this 
biomass is characterized by species-specific contents of structural materials, such as cellulose and lignin 
[25-26]. The residues of macrophytes sink to the bottom of the lake after their death, and the parts which 
are decomposed slowly accumulate on the lake bed. The fast deposition speed increasingly decreases the 
depth of the lake, resulting in plants growing from the shore to the center of the lake. This results in the 
filling of the lakeshore with plant remains and slow changes to the shore, eventually leading to the 
reduction of the water surface area and terrestrialization [27]. Thus, the terrestrialization process is largely 
influenced by the deposition of aquatic macrophytes.  
3. Discussion 
Terrestrialization is becoming a very severe problem in shallow lakes around the world. In China, 
many lakes (e.g., Taihu Lake, Wuliangsuhai Lake, and Baiyangdian Lake) are facing the terrestrialization 
problem [28-31]. In our research, four factors that may contribute to the terrestrialization of Baiyangdian 
Lake, including the water quality, water level, sand deposition, and vegetation, were analyzed. The results 
demonstrate that except for the decreasing siltation of sand (which had a positive effect on relieving the 
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rapid terrestrialization trend), trends in the other three factors aggravated the terrestrialization problem 
and accelerated the speed of the terrestrialization process. Thus, effective measures are urgently needed to 
mitigate this severe ecological problem.  
Controlling the expansion of aquatic macrophytes is an effective method to slow terrestrialization 
because macrophytes have a tremendous effect on the terrestrialization process. The debris from 
macrophytes can raise the lake bottom and shoal the lake [32]. Macrophytes can also increase the nutrient 
utilization level of the lake water due to low oxygen concentration [33] or due to increased pH [34], 
leading to further increased proliferation of aquatic macrophytes. Lan et al. (2010) reviewed and 
summarized the determinants of aquatic macrophyte expansion, highlighting that water quality regulation, 
hydrological alteration, and biological controls can slow the expansion of macrophyte availably [24].  
Shallow lakes are complex systems in terms of biology, hydraulics, and water chemistry. Thus, their 
terrestrialization involves many factors. Due to the lack of data of sufficient detail, we only studied water 
quality, the water level, siltation of sand, and vegetation in this paper; other factors such as climatic 
changes, precipitation, and human activities are not discussed. Furthermore, although the role of the four 
factors in terrestrialization is discussed, the problem of finding methods to quantify the contributions of 
affecting factors is unresolved. Our future studies will consider these problems. 
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